Abstract. During April and May 2010 the ash cloud from the eruption of the Icelandic volcano Eyjafjallajökull caused widespread disruption to aviation over northern Europe. Because of the location and impact of the eruption a wealth of observations of the ash cloud were obtained and can be 5 used to assess modelling of the long range transport of ash in the troposphere. The Facility for Airborne Atmospheric Measurements (FAAM) BAe 146 aircraft overflew the ash cloud on a number of days during May. The aircraft carries a downward looking lidar which detected the ash layer through 10 the backscatter of the laser light. The ash concentrations are estimated from lidar extinction coefficients and in-situ measurements of the ash particle size distributions. In this study these estimates of the ash concentrations are compared with simulations of the ash cloud made with NAME (Numerical 15 Atmospheric-dispersion Modelling Environment), a general purpose atmospheric transport and dispersion model. The ash layers seen by the lidar were thin, with typical depths of 550-750 m. The vertical structure of the ash cloud simulated by NAME was generally consistent with the ob-20 served ash layers. The layers in the simulated ash clouds that could be identified with observed ash layers are about twice the depth of the observed layers. The structure of the simulated ash clouds were sensitive to the profile of ash emissions that was assumed. In terms of horizontal and vertical struc-25 ture the best results were mainly obtained by assuming that the emission occurred at the top of the eruption plume, consistent with the observed structure of eruption plumes. However, when the height of the eruption plume was variable and the eruption was weak, then assuming that the emission of 30 ash was uniform with height gave better guidance on the horizontal and vertical structure of the ash cloud.
Introduction
The eruption of the Icelandic volcano Eyjafjallajökull during
40
April and May 2010 lead to the widespread disruption of air travel throughout Europe due to the hazard posed to aircraft by volcanic ash. At various times during this period parts of European airspace were closed, leading to significant financial losses by airlines and leaving millions of passengers 45 stranded throughout the world.
During the eruption the London Volcanic Ash Advisory Centre (VAAC) issued forecasts of the location of the ash cloud. These forecasts were based on the NAME (Numerical Atmospheric-dispersion Modelling Environment) model 50 (Jones et al., 2007) adjusted in the light of satellite and ground-based observations. NAME is a Lagrangian particle model that uses time varying wind fields to calculate the turbulent trajectories of particles originating at the position of the volcano to determine where the volcanic ash cloud is 55 transported.
A major uncertainty in modelling volcanic ash clouds with volcanic ash transport and dispersion (VATD) models is the specification of the eruption source parameters (ESP). A VATD model needs information on basic parameters such 60 as the height of the eruption plume, the mass eruption rate and the vertical distribution of the emitted mass. The sensitivity of predictions of ash dispersal to the emission profile has been investigated by Webley et al. (2009) for the August 1992 eruption of Mount Spurr. Their study found that the areal extent of the simulated ash cloud was sensitive to assumptions about the emission profile, with the best agreement between the simulations and satellite observations of the extent of the ash cloud obtained using emission profiles which have releases at all heights within the eruption column. Webley et al. (2009) concluded that in this case it was necessary to have ash emitted throughout the atmospheric column. Eckhardt et al. (2008) and Kristiansen et al. (2010) describe a data assimilation approach to obtain the emission profile of sulphur dioxide for the eruptions of Jebel el Tair   75 and Kasatochi respectively using satellite retrievals of total column sulphur dioxide and a VATD model. Recently have extended this approach to volcanic ash, using SEVIRI (Spinning Enhanced Visible Infra-Red Imager) data for the Eyjafjallajökull eruption. In the absence of ob-80 servational constraints on ESPs, which is likely to be the case during the initial phase of an eruption, Mastin et al. (2009) suggest realistic ESPs for a variety of eruption types that can be used with a VATD model.
The ash cloud from Eyjafjallajökull over Europe was well
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observed by ground based lidar and ceilometers (Flentje et al., 2010) . In addition special flights were carried out by the DLR Falcon (Schumann et al., 2011) and the FAAM (Facility for Airborne Measurements) BAE-146 aircraft (Johnson et al., 2011) to provide verification of 90 the ash forecasts. These aircraft were equipped with both in-situ particle measuring probes and downward looking lidar. The data collected during the eruption of Eyjafjallajökull provide an opportunity to evaluate the ash distributions from VATD models in both the horizontal and vertical and the 95 sensitivity of the simulated ash cloud to assumptions about ESPs. In this study the vertically resolved structure of the ash cloud simulated by NAME is compared with lidar data obtained by the FAAM aircraft during May. The comparison is both qualitative, considering the relationship between sim-100 ulated and observed ash layers, and quantitative, comparing estimates of ash concentrations from the NAME simulations with estimates obtained from the lidar. The sensitivity of the NAME simulations to assumptions about the profile of ash emissions is also investigated.
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2 Model NAME is a Lagrangian particle trajectory model that is designed for use in a range of dispersion modelling applications (Jones et al., 2007) . Particles are released at the source, in this case the volcanic eruption plume, with each particle 110 representing a mass of volcanic ash. The trajectories of these particles are calculated here using analysis wind fields from the global version of the Met Office Unified Model, with a resolution of 3 hours. The model particles are carried along by the wind with turbulent mixing represented by giving the 115 trajectories a stochastic perturbation using a semi-empirical turbulence parameterisation. NAME also includes treatments of sedimentation and dry and wet deposition (Dacre et al. (2011) for further details). Ash concentrations are computed here by summing the mass of particles in areas of 0.374
latitude by 0.5625 • longitude, averaged over 200 m in the vertical and over a time period of 1 hour and dividing by volume. Rose et al. (2000) suggested that there are three stages in the evolution of volcanic ash clouds. In the first few hours 125 large particles fallout close to the volcano, forming the proximal tephra blanket. This is followed by a period, typically lasting about 24 hours, in which the mass in the ash cloud decreases with time, probably primarily due to particle aggregation and subsequent fallout of the aggregates. During 130 the first two phases a large fraction of the erupted mass is removed from the ash cloud. For the 1992 Mount Spurr eruption only a small fraction of the erupted mass remained in the ash cloud after the first 24 hours. Subsequent removal of ash is mainly due to meteorological processes and depo-135 sition. NAME does not represent any of the microphysical processes, such as aggregation, that occur within the volcanic ash cloud, although it does have representations of particle sedimentation as well as wet and dry deposition.
The removal of ash by sedimentation depends on the size 140 distribution of the ash cloud. In situ observations of the ash cloud by the FAAM aircraft over and around the UK show that particles were generally less than 10µm in diameter (Johnson et al., 2011) in the Eyjafjallajökull ash cloud. Sedimentation of particles with diameters less than 10µm has 145 a small effect on column loads for travel times of 24 to 80 hours, relevant to this study. This has been determined by testing the sensitivity of the results to different particle sizes (Dacre et al., 2012) . Because of this the evolution of the particle size distribution in the ash cloud due to sedimentation 150 has been neglected by setting the particle size to 3µm. In comparing the lidar observation with NAME a virtual source strength for the fine ash particles which formed the ash layers seen by the lidar can be determined. This virtual source strength represents the mass eruption rate (MER) of the frac-155 tion of the ash particles that are not removed from the cloud close to the volcano. A number of relationships between the total MER and the rise height of the eruption plume (i.e. the height of the top of the eruption plume relative to the height of the volcano) have 160 been published (Sparks et al. (1997) ; Mastin et al. (2009) ). In the NAME simulations to be presented the relationship between the height of the eruption plume and the MER is taken to be,
where H is the height of the eruption plume above the volcano summit in kilometres and M is the erupted mass in kilogrammes per second. This relationship is based on a fit to the thresholds in the lookup table designed by NOAA for the VAFTAD model (Heffter and Stunder, 1993) and cali-170 brated by the 'Mastin' curve to give the emission rate as a function of plume height as described by Dacre et al. (2011) Appendix A. For the eruption plume heights relevant to the Eyjafjallajökull eruption the MER estimated from Eq. 1 is within 15% of estimates based on the relationships proposed by Sparks et al. (1997) and Mastin et al. (2009) . Mastin et al. (2009) find that the difference between MER from their proposed relationship can differ from the actual MER by a factor of ∼3.5 for an eruption plume height of about 6 km, so the differences between the MER predicted by the differ-180 ent relationships are insignificant.
The effective source strength for fine ash is assumed to be,
where M f is the effective eruption rate of fine ash, α f is the fine ash fraction, which is in principle a function of t,
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the age of the ash. However for the travel times relevant to the present study the dependence of α f on t should be small (Rose et al., 2000) with α f being interpreted as the distal fine ash fraction. For this study it is assumed that α f represents the effects of removal processes not explicitly modelled in 190 NAME, primarily microphysical processes such as aggregation occurring in the ash cloud. These processes are expected to have their dominant effect near the source. The effect of these processes can be estimated by comparing ash concentrations from NAME, using Eq. 1, with those derived from
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the lidar. Figure 1 shows an estimate of the time varying eruption plume heights (above mean sea level) (similar to that in Webster et al. (2012) ). This estimate is based on the advice from the Icelandic Meteorological Office passed to the London
200
VAAC during the eruption. It aims to broadly follow the upper estimates of the eruption height which were available at the time, while only responding to significant changes in activity. Also shown is the radar data from the Keflavík radar, published recently by Arason et al. (2011) . The most notice-205 able difference between the two timeseries is that the reconstruction does not follow the short period variations seen in the radar data. During the period of interest (4 th -17 th May) the reconstruction is a reasonable representation of the height of the eruption plume. In calculating the MER using the 210 heights in figure 1 no account has been taken of the effect that the ambient wind can have on the height of the eruption plume (Bursik et al., 2001) .
To investigate the sensitivity of the model results to the assumed emission profiles simulations were performed us-215 ing two different profiles. For the first set of simulations the emission of ash was assumed to be uniform between the top of the volcano and the top of the eruption plume, this will be referred to as the uniform emission profile. For the second profile the emission of ash is assumed to be concentrated at 220 the top of the eruption plume and will be referred to as the top emission profile. In the top emission profile ash is emitted uniformly over a depth of 1000m, with the top of the layer of ash emissions corresponding to the height of the eruption plume. For both emission profiles the total erupted mass is 225 given by Eq. 1.
Lidar
The lidar on the FAAM aircraft was a model ALS450 manufactured by Leosphere. It is an elastic backscatter lidar with an operating wavelength of 354.7 nm. The instrument is 230 mounted on the aircraft with a nadir view (Marenco et al., 2011) , with full overlap between the emitted beam and the receiver field of view occurring about 300 m below the aircraft. For the cruise altitude of 8000 m the ash features that can be identified from the aircraft are restricted to heights 235 below about 7700 m.
For qualitative comparison between the ash layers detected by the lidar and NAME, ash features were identified subjectively using lidar backscatter and depolarisation ratio plots. Ash was identified as having a high backscatter with a high 240 depolarisation ratio, indicating irregular particles. Smaller aerosols (e.g. sulphate) tend to assume a spherical shape producing high backscatter and low depolarisation ratios.
Quantitative estimates of ash concentrations in the 0.6 to 35µm (volume equivalent) size range were obtained from the 245 extinction coefficients derived from the lidar, after accounting for the extinction fraction in this size range and specific extinction derived from particle size distributions from insitu measurements (Johnson et al., 2011) . In many cases the profiles of the extinction coefficient derived from the lidar 250 show considerable scatter in the vertical. To estimate column integrated mass loadings smooth profiles have been fitted by eye to extinction profiles obtained over horizontal distances of approximately 15 km. In general the shape of the extinction profiles are approximately Gaussian, although in many 255 cases the profiles are slightly asymmetric about the maximum. To allow for this asymmetry Gaussian curves with different widths were fitted separately to the upper and lower parts of the lidar profiles. Where there were multiple layers Gaussian curves were fitted to each layer. The use of 260 Gaussian curves is ultimately for convenience, and it provides quantitative measures for maximum concentrations and widths. However, it should be borne in mind that the fits to the data are not objective and hence no formal error estimates are available.
265

On 14
th May, conditions in the ash layer were close to those needed for the nucleation of ice crystals (Marenco et al., 2011) . Obvious occurrences of cirrus forming in the ash cloud were removed from the dataset. However, it is possible that ice nucleated ash may have been present in the ash cloud, 270 which would lead to ash concentrations being overestimated. Ice nucleation was not a problem for the other days.
Typically the extent of the ash layers used in this study correspond to flight times of between 30 minutes and 1 hour. In comparing the lidar results to NAME the time taken to 275 overfly the ash layers is ignored and the output from NAME closest to the central time is used for the comparison.
Results
Ash Layer Properties from Lidar
The average heights of the ash features identified from the 280 FAAM lidar are plotted in figure 1, where they can be compared with the estimates of the eruption plume height. Because of the travel time (listed in Table 1 ) the heights of observed features and the plume heights at the same time will not correspond, but it might be expected that the observed height will be related to the height of the eruption plume during the previous 1-2 days. There appears to be a tendency for the heights of the ash features observed by the lidar to be up to 1 km lower than the estimated height of the eruption plume used in NAME. The tendency for lidar ash fea-
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tures to be at a lower height than the height of the eruption plume estimated by the radar may be a result of fluctuations in plume height (Dacre et al. (2011) and Folch et al. (2011)), vertical transport in the atmosphere, overshooting and subsequent fall back of the plume, errors in the assumed heights or 295 sedimentation of particles. Since the height of the eruption plume used in NAME aims to broadly follow the upper estimates of the eruption heights, it is likely to be greater than the mean height of the eruption plume which may be more representative of the height of the ash layers. th May together with the smooth profiles fitted to the data by eye. The aircraft track on this day was approximately west to east along 54
• N. Although the individual estimates of concentration from the li-305 dar show considerable scatter over a 15 km section the Gaussian curves provide a reasonable approximation to the observed profiles. On this day maximum concentrations occur at heights between 4 km and 6 km, with the peak concentrations varying between 225µgm −3 to 900µgm −3 . Because 310 the curves are fitted by eye there are no formal estimates of the uncertainty in the maximum concentration, but based on experience a reasonable estimate of the uncertainty in the fitting method is 25-50 µgm −3 . At the western end of the aircraft track (figure 2a) there is only one ash layer present 315 while at the eastern end (figure 2c and d) the lidar shows multiple layers. The DLR Falcon also sampled the ash cloud on this day around 53
• N 2
• E between 1600-1700 UTC, i.e. about 1.5 hours after the profile shown in figure 2(d) was obtained. The Falcon data show the ash layer to be between 320 3.5 km and 6 km, with the maximum ash concentrations between 300-400 µg m −3 , comparable to the FAAM lidar estimates (Schumann et al., 2011) .
The standard deviations of the Gaussian sections that have been fitted to the lidar concentration profiles are typically 325 around 300m. However, to make comparisons with the NAME simulations it is useful to have a simple measure of the depth of an ash layer which does not depend on the detailed shape of the concentration profile. The ratio of the integrated column mass to the maximum concentration will be 330 used as an effective depth, l ef f . The effective depth can be interpreted as the depth of a layer with a constant concentration equal to the observed maximum that gives the observed column integrated mass. For a Gaussian profile with standard deviation σ, l ef f = √ 2πσ.
335 Figure 3 shows the maximum concentrations obtained from the lidar as a function of the column integrated mass, estimated from the Gaussian profiles. The multiple layers seen in some of the profiles on the 17 th May have been treated as a single layer. The effective depth of the ash layers detected 340 by the lidar is generally between 500 m -800 m which is about 10-20% of the rise height of the eruption plume. The thickness of the ash layers observed by the lidar are comparable to thicknesses estimated by Scollo et al. (2010) A general feature of the cross sections through the simulated ash clouds is that they show layering, either single layers (e.g. 14 th , 17 th May, figure 6) or multiple layers (e.g. 5
th May (figure 5b) or 16 th May (figure 7b)). The presence 410 of layers in the simulations does not appear to depend on the details of the emission profile, with layers present in both sets of simulations. The simulated ash layers appear to correspond reasonably well to observed ash layers, although they are generally thicker than the observed layers.
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On the 4 th and 5 th May the lidar detected ash layers at heights of around 3 km and 5 km and the NAME simulations using a uniform emission profile also indicates the presence of ash at both heights. On the 4 th May the observed ash is in patches which are typically about 100 km long, which 420 for the layer at 3 km is much shorter than the length of layer simulated by NAME. On the 5 th May the observed layers are about 200 km in length, but also appear to be less extensive than simulated layers.
The NAME simulations for the 4 th and 5 th May using the 425 top emission profile do not show ash at 3 km, although ash is present at 5 km on both days (4 th not shown, figure 5(c) for 5 th May). These results suggest that the ash layers at 3 km are not the result of significant vertical transport but that there must have been emission of ash lower down. The 5 minute 430 radar data presented by Arason et al. (2011) suggest that the eruption plume was reaching heights of 3.5 km (amsl) intermittently before the 3 rd May and up to 5 km at the beginning of the 4 th May. From the 5 th May the height of the eruption plume remained around 5 km. From NAME the age of 435 the simulated ash layer at 5 km is about 28 hours, compared to 38 hours for the layer at 3 km, so the ash in these layers was emitted at different times. Although the eruption plume height used in the model does not show the intermittency apparent in the radar it does include an increase in height on 440 the 4 th May. The results from NAME suggest that some ash must have been emitted at heights below the top 1 km of the plume as the lower ash layer is captured by the simulation using the uniform emission profile but not by the simulation using the top emission profile. The results from the 4 th and 445 5 th May can be considered consistent with the conclusions of Webley et al. (2009) .
On the 14 th , 16 th and 17 th May (figures 6 and 7) the details of the vertical structure of the simulated ash clouds depend on the ash emission profile. On the 14 th May the con-450 centrations in the simulated layer are higher using the top emission profile, compared to those obtained using a uniform emission profile. On the 17 th the western extent of the ash cloud appears to be better simulated using the top emission profile (compare figures 6c and 7c).
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On the 16
th May both of the NAME simulations show a layer that appears to correspond to the observed ash layer but which, in both simulations, is too far south. Schumann et al. (2011) comment that the London VAAC forecasts on this day showed the ash to be further south than observed by the 460 DLR Falcon or SEVIRI. It is interesting that the same error appears in the present simulations which use analysed winds. This location error is probably caused by the cumulative effect of errors in the driving meteorology en route similar to those found for the earlier period of the eruption in Dacre 
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Overall the comparison between the simulations and lidar results for 14 th to 17 th suggest that the best match with the observed ash layers is obtained by assuming that the emission of ash is concentrated at the top of the eruption plume. For the 4 th and 5 th May a uniform source appears to give 475 the best results. On the 4 th May, although the eruption was beginning to re-intensify, the SEVIRI ash retrievals do not indicate the presence of a sustained ash plume (Thomas and Prata, 2011) . The weak and fluctuating nature of the eruption plume during the period prior to the 5 th May and the change 480 to more stable eruption activity during the period after 5 th May (Petersen, 2010) may explain this difference.
Quantitative Comparison between lidar and NAME
On the 4 th May the correspondence between the observed and simulated ash layers is poor in comparison to the other 485 days. This may be partly due to the NAME plume being positioned a little too far to the west, as is suggested by the comparison between the NAME plume position and satellite derived SO 2 presented by Thomas and Prata (2011) , as-suming that the ash and SO 2 are co-located. Because of 490 this the results from this day will not be considered further. For the other days the correspondence between the observed ash layers and the ash layers in the NAME simulations suggests that quantitative comparisons between NAME and the lidar should be made for the individual layers. Since the ash layer thicknesses differ the column integrated mass loadings (CIML) are compared since they are not sensitive to the details of the vertical structure. Figure 8 show the CIMLs obtained from NAME along the cross sections in figures 5, 6 and 7 compared to the mass loadings estimated from the li-500 dar. The distal fine ash fraction defined in Eq. 2 has been estimated by scaling the mass loadings obtained from NAME so as to match the lidar estimates. Table 1 lists the values of α f for both sets of NAME simulations.
The spatial variation of the observed column loadings and 505 those from NAME are generally in good agreement, although there are differences. Figure 8 (a) suggests that the ash layer at 3 km, on the 5 th May, is much less extensive than the simulated ash cloud using the uniform source. In particular the maximum in the column integrated mass load around 400 km 510 along track in the simulated ash cloud does not appear to correspond to any feature seen by the lidar. However, using a top source in NAME, the ash layer at 3 km is missing entirely in the simulation. Therefore, at least some ash must be emitted below 3.5 km for the 3 km ash layer to be simulated 515 in NAME. The weak and intermittent nature of the eruption plume on the 4 th May (Thomas and Prata, 2011) may provide the explanation for the overestimation of ash 400 km along track in the uniform source NAME simulation. With the uniform emission profile ash will have been emitted at 3 km for 520 a longer period in the NAME simulation than would be expected to have actually occurred, which could lead to a more extensive ash layer.
The short horizontal line in figure 8(c) marks a region where the observed ash layer becomes very thin and the col-525 umn loading of ash is negligible. (Note that the NAME simulated ash layer has been shifted 3
• N in order to perform the quantitative comparison. This shift accounts for the fact that the NAME simulated cloud is too far south, as discussed in section 4.3). The results from NAME do not show this 530 gap, but vary more smoothly. The smooth spatial variation of simulated ash layers is due to the resolution of the meteorological model (25 km), the smooth temporal variation of the meteorological fields (updated every 3 hours), the lack of rapid fluctuations in the source (in both the vertical, at least in 535 the uniform source case, and in the time variation) and the parameterisation of sub-gridscale processes. The NAME simulations appear to capture variations on scales of 100-200 km.
Of all of the simulations the spatial variation in the column mass loadings from NAME appear to be the most sen-540 sitive to the assumed emission profile on the 17 th May (figure 8d) . The simulation which uses the top emission profile shows good agreement with the lidar estimates, with both the lidar and NAME column loadings being small west of 2
• W.
With the uniform emission profile the column loadings in the 545 NAME simulation extend much further west than observed. However, both simulations give a similar value for α f using the observed column loadings at the eastern end of the aircraft track. Most of the values for α f from CIML listed in Table 1 are   550 less than about 5%, the two exceptions being α f for the lower layer on the 5 th May and on the 14 th May for the simulation using the uniform emission profile, which are, respectively, 11% and 18%. Using the top emission profile the value of α f for the 14 th May is reduced by a factor of three to ∼5%. This 555 change is due to the increased concentrations that occur in the layer above 5 km, which are transported over Scotland and north west England, when the top emission profile is used compared to the uniform emission profile. Ash below 5 km appears to be transported to the north east, away from the 560 UK. Figure 9 compares the lidar and NAME estimates of the column integrated mass taken from the simulations using the uniform emission profile for May 5 th and the top emission profile for May 14 th , 16 th and 17 th . A reasonable estimate 565 of the distal fine ash fraction is 2.8%, with of order a factor of two variation encompassing the results from most of the days. The estimates of α f obtained in this study are in reasonable agreement with those obtained from ground-based lidar and NAME during the initial phase of the eruption in
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April (Dacre et al., 2011; Devenish et al., 2011) . There are few observational estimates from previous volcanic eruptions of the fraction of the erupted mass that survives the initial fall out phase to compare with. Wen and Rose (1994) 
used AVHRR (Advanced Very High Resolution
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Radiometer) data to estimate the mass of ash in the 13 hr old ash cloud from August 1992 eruption of Spurr volcano. The ash cloud contained 0.7-0.9% of the mass deposited at the surface. Rose et al. (2000) list a number of estimates of the fine ash fraction derived from satellite observations of the ash 580 clouds for a number of eruptions. For the three eruptions of Spurr in 1992 the fraction of ash remaining suspended in the atmosphere after 24 hours was 0.7-2.6%. Bearing in mind that the values of α f obtained in this study are based on estimates of the erupted mass calculated from Eq. 1 they are 585 consistent with the more direct estimates.
Maximum Concentrations
In general the observed ash layers are thinner than the corresponding layers simulated by NAME, which will not affect the comparison of the integrated column masses, assuming 590 the effects of vertical wind shear are small. However, in general the maximum concentrations simulated by NAME will, when scaled using α f , underestimate actual maximum concentrations. This is illustrated in figure 10 which shows examples of the profiles of ash concentration from the lidar and 595 the corresponding profiles simulated by NAME, which have been scaled by the distal fine ash fraction determined from the integrated column mass. The greater depth of the simulated ash layers compared to the observed depth is clear as are the lower maximum concentrations.
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The peak concentrations from the lidar and from the corresponding layers in the NAME simulations using the top emission profile are compared in figure 11 . There is a reasonable correlation between the lidar and NAME for individual flights, which is similar to that found for the column 605 mass loads (see figure 9 ). These correlations suggest that the identification of the observed ash layers with ash layers in the NAME simulations is justified. The ratios of lidar to NAME maximum concentrations are also listed in Table 1 . They are larger than the corresponding ratios for the column 610 integrated masses, consistent with the simulated layers being deeper than the observed ash layers (see figure 10 ). Comparison of the lidar and NAME estimates of the maximum concentration (figure 11) indicates that, with α f tuned on the basis of the column loads, the maximum concentrations are 615 underestimated by a factor of 1.8. This occurs because the depths of the simulated ash layers are 2-3 times larger than the observed depths.
Conclusions
A significant problem in modelling the the transport of vol-620 canic ash within the atmosphere is the specification of the source characteristics. This study has used observations of the Eyjafjallajökull ash cloud made by airborne lidar data. These data have been compared with simulations of the ash cloud obtained from the UK Met Office NAME model to 625 constrain some properties of the ash source. The key source parameters are:
-The vertical profiles of the emission of ash
During the period of reasonably strong activity during mid May the best simulations were obtained from 630 NAME by assuming that the ash emissions are concentrated at the top of the eruption plume. In early May as the eruption intensity was increasing assuming that ash was emitted uniformly over the depth of the eruption plume gave the best results. The uniform emission pro-635 file in this case was probably compensating for lack of variability in the eruption plume height used in NAME compared to the actual plume height.
-The fraction of the ash that survives near source fallout and has sizes small enough to have residence 640 times in the atmosphere of several days
Estimates of the distal fine ash fraction were in the range 2-5%, assuming the relationship between mass eruption rate and the rise height of the eruption plume is given by Eq. 1. The relatively small distal fine ash fractions are phase of the eruption in April.
-The mass eruption rate
The sensitivity of the estimates of the mass eruption rate (MER) to the rise height of the eruption plume means that the observations of the eruption plume height have 655 a significant impact on the present results. The simplest approach is to calculate the MER using Eq. 1 and the instantaneous height of the eruption plume and average the MER over a suitable time. Alternative approaches could use the average height of the eruption plume over 660 a given time to calculate an average MER or use the maximum height of the eruption plume over a given time to calculate the maximum MER. If observations are infrequent, or missing (e.g. radar being obscured by precipitation, Arason et al. (2011) ) then persistence may 665 need to be used or some reversion to a recent average or maximum value to fill in the gaps. These methods will give different values of MER and subsequently of the estimated distal fine ash fraction. For example, the MER calculated from Eq. 1 using the mean height over 670 a six hour period (from the Keyflavík radar) were on average a factor of two smaller than the MER used in this study. A further complication is that the data underlying Eq. 1 does not involve highly time-resolved estimates of plume height.
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The present study has assumed a simple way of specifying the eruption source for a volcanic ash transport and dispersion model. More sophisticated treatments of the eruption plume are also possible. Folch et al. (2011) used an explicit plume model to characterise the eruption source. An advan-680 tage of using a plume model is that the effects of meteorology on the rise of the eruption plume can be accounted for in calculating the mass eruption rate. The present, rather simple treatment, forms a benchmark against which added complexity of a more sophisticated plume model can be judged. Comparisons between lidar estimates of column mass loads and NAME estimates. (a) Column mass estimates for the 3 km layer on the 5 th May (diamonds) and the 5 km layer on the 5 th May (triangles), as shown in figure 5 . NAME column mass using uniform emissions for the ash layer at 3 km (dot-dashed line), NAME column mass for ash layer at 5 km for top source (solid line), NAME column mass for ash layer at 5 km for uniform emissions (dashed line). The NAME results are scaled to fit the observations. (b) Lidar column mass estimates on the 14 th (diamonds). NAME column mass for top source (solid line) and uniform emissions (dashed line). The NAME results have been scaled to match the observations. Fig. 10 . Examples of comparison between concentration profiles, estimated from lidar extinction profiles and simulated by NAME using the top emission profiles. The NAME profiles have been scaled by the distal fine ash fraction determined from the column loadings. The small crosses are the estimates of concentration from the lidar extinction, the dashed curves show the fits to the lidar data and the solid curves are from NAME. Comparison between maximum concentrations from NAME simulations and estimated from the FAAM lidar. The NAME concentrations have been scaled by the distal fine ash fraction determined from the column loadings. The symbols are the same as figure 9. The dashed line shows y = 1.8x, the dotted lines have gradients that are twice and half those of the dashed line.
